AMPA receptors mediate fast excitatory neurotransmission and are critical for CNS development and function. Calcium-permeable subsets of AMPA receptors are strongly implicated in acute and chronic neurological disorders. However, despite the clinical importance, the therapeutic landscape for specifically targeting them, and not the calcium-impermeable AMPA receptors, remains largely undeveloped. To address this problem, we used cryo-electron microscopy and electrophysiology to investigate the mechanisms by which small-molecule blockers selectively inhibit ion channel conductance in calcium-permeable AMPA receptors. We determined the structures of calcium-permeable GluA2 AMPA receptor complexes with the auxiliary subunit stargazin bound to channel blockers, including the orb weaver spider toxin AgTx-636, the spider toxin analog NASPM, and the adamantane derivative IEM-1460. Our structures provide insights into the architecture of the blocker binding site and the mechanism of trapping, which are critical for development of small molecules that specifically target calciumpermeable AMPA receptors.
INTRODUCTION
Glutamate, the principal excitatory neurotransmitter in the CNS, dictates signal transduction between neurons. Upon its release from pre-synaptic terminals and diffusion across the synaptic cleft, glutamate binds to ionotropic glutamate receptors (iGluRs), which, in response, open their channels and allow the flow of cations into post-synaptic neurons (Kumar and Mayer, 2013; Traynelis et al., 2010) . The resulting iGluR-mediated depolarization propagates signaling in the post-synaptic neuron and is critical for normal CNS development and function. The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionicsubtype iGluRs, or AMPA receptors (AMPARs), the most abundant and fastest-signaling iGluRs in the CNS, mediate the initial phase of post-synaptic depolarization (Bowie, 2008; Chater and Goda, 2014; Henley and Wilkinson, 2016; Traynelis et al., 2010) . AMPARs are tetrameric membrane proteins made up of a combination of GluA1-GluA4 subunits (Mayer, 2017; Twomey and Sobolevsky, 2018) . GluA2-containing AMPARs are typically mRNA edited at the Q/R site (Hume et al., 1991) , which is at the tip of the re-entrant M2 pore loop. The edited GluA2 subunits (GluA2 R ) have arginines at the Q/R site that contribute their positive charge to the middle of the AMPAR channel pore, making it impermeable to divalent cations (Huettner, 2015; Wollmuth, 2018) . AMPARs composed of combinations of unedited GluA2 Q and GluA1, GluA3, and GluA4 subunits, which all have Gln at the Q/R site, are permeable to divalent cations such as Ca 2+ . Neurons populated with Ca 2+ -permeable AMPARs (CP-AMPARs) are predisposed to excitotoxicity and, as a result, are widely implicated in neurodegeneration (Henley and Wilkinson, 2016; Kwak and Weiss, 2006; Weiss, 2011) . Excessive activity of CP-AMPARs results in increased neuronal oxidative stress, which leads to cell damage and degeneration (Carriedo et al., 1996 (Carriedo et al., , 1998 (Carriedo et al., , 2000 Weiss, 2011) . Neurological disorders stemming from CP-AMPARs include amyotrophic lateral sclerosis (ALS) (Carriedo et al., 2000; Selvaraj et al., 2018; Tateno et al., 2004; Van Damme et al., 2005 ), Alzheimer's (Whitehead et al., 2017) and Parkinson's (Kobylecki et al., 2010) diseases, ischemia-induced neuronal cell death (Liu et al., 2004; Talos et al., 2006; Yin et al., 2012) , and epilepsy (Lippman-Bell et al., 2016; Rajasekaran et al., 2012; Rogawski, 2013) . CP-AMPARs are also linked to hyperalgesia (Gangadharan et al., 2011; Park et al., 2009; Sullivan et al., 2017) , addiction (Mameli et al., 2011; Schmidt et al., 2015) , and development of glaucoma (Cueva Vargas et al., 2015) . In addition, increases in CP-AMPAR expression during development contribute to abnormal CNS development and fragile X syndrome (Achuta et al., 2018) . Given the role of CP-AMPARs in the pathogenesis of neurological disorders, it is important to develop therapeutic agents that will target CP-AMPARs and not calcium-impermeable AMPARs (CI-AMPARs), which are critical for normal CNS function. (A) Superposition of typical whole-cell currents recorded at -60 mV membrane potential from an HEK293 cell expressing GluA2 Q -STZ in response to 1-s coapplications of 3 mM Glu and IEM-1460 at different concentrations (indicated). The current response to application of Glu alone is labeled as Control.
(B) Currents recorded from an HEK293 cell expressing GluA2 Q in response to 0.5-s applications of Glu alone (black bar) or Glu co-applications with 4.8 mM NASPM (open bar) at different holding membrane potentials (V h , indicated). The plot on the right shows the voltage dependence of the steady-state current amplitude for the currents on the left, measured in the absence (filled circles) or presence (open circles) of NASPM. Note the strong outward current rectification because of polyamine block of Ca 2+ -permeable AMPAR channels.
(C-E) Concentration dependencies of GluA2 Q (blue) and GluA2 Q -STZ (red) block by IEM-1460 (C), NASPM (D), and AgTx-636 (E), measured using the protocol illustrated in (A). Above each plot is a chemical structure of the corresponding ion channel blocker. Lines through the points illustrate logistic equation fits of the normalized current amplitude with the parameters for IEM-1460 (C), IC 50 = 1.15 ± 0.05 mM and n Hill = 0.89 ± 0.02 (n = 6) for GluA2 Q and IC 50 = 3.54 ± 0.46 mM and n Hill = 1.06 ± 0.08 (n = 5) for GluA2 Q -STZ; for NASPM (D), IC 50 = 0.0800 ± 0.0019 mM and n Hill = 0.83 ± 0.13 (n = 8) for GluA2 Q and IC 50 = 0.170 ± 0.016 mM and n Hill = 0.84 ± 0.03 (n = 6) for GluA2 Q -STZ; and for AgTx-636 (E), IC 50 = 0.019 ± 0.004 mM and n Hill = 1.06 ± 0.09 (n = 7) for GluA2 Q and IC 50 = 0.012 ± 0.002 mM and n Hill = 0.75 ± 0.06 (n = 7) for GluA2 Q -STZ.
(legend continued on next page)
Unique to CP-AMPARs is inhibition by endogenous polyamines, such as spermine and spermidine (Bowie and Mayer, 1995; Donevan and Rogawski, 1995; Kamboj et al., 1995; Koh et al., 1995) , which carry a positive charge at physiological pH and suppress CP-AMPAR pore conductance, acting as ion channel blockers (Baronas and Kurata, 2014; Bowie et al., 1999; Sobolevsky, 2007) . Because the majority of endogenous polyamines are localized intracellularly, their block becomes significant only at positive membrane potentials. Under physiological conditions, at negative membrane potentials, CP-AMPARs can be inhibited by extracellularly applied exogenous channel blockers, including polyamine-or acylpolyamine-containing toxins, such as the first-in-class argiopin also known as argiotoxin-636 (AgTx-636) (Antonov et al., 1987; Grishin et al., 1986 ) from the spider Argiope lobata, the Joro spider toxin JSTX-3 (Aramaki et al., 1987) from Nephila clavata, philanthotoxin-433 (PhTx-433) from the wasp Philanthus triangulum (Eldefrawi et al., 1988) , or their natural or synthetic analogs. Although promising for disease treatment, limited knowledge of the structural bases of channel block by these molecules has impeded the development of their clinic-ready analogs.
To address this knowledge gap, we investigated CP-AMPAR channel block using cryo-electron microscopy (cryo-EM) and electrophysiology. We conducted experiments in the presence of three different channel blockers, including N,N,N-trimethyl-5-[(tricyclo[3.3.1.13,7] dec-1-ylmethyl)amino]-1-pentanaminium bromide hydrobromide (IEM-1460) (Magazanik et al., 1997) , the Joro spider toxin analog 1-naphthyl acetyl spermine (NASPM) (Koike et al., 1997; Takazawa et al., 1996) , and AgTx-636 (Grishin et al., 1989; Herlitze et al., 1993) , which we extracted and purified from the orb weaver spider Argiope lobata. These channel blockers show promise for treating CP-AMPARrelated conditions. IEM-1460 (micromolar potency) attenuates epileptic seizures (Gmiro and Serdyuk, 2008; Szczurowska and Mare s, 2015) and may reduce visceral pain (Kopach et al., 2016; Liu et al., 2015) and CP-AMPAR activity related to schizophrenia (Umino et al., 2018) . NASPM (sub-micromolar potency) reduces oxidative stress and protects neurons following ischemia (Noh et al., 2005; Zhang et al., 2003) . AgTx-636 (nanomolar potency) is an efficacious natural CP-AMPAR channel blocker with neuroprotective properties (Barygin et al., 2011; Green et al., 1996; Poulsen et al., 2013) . We determine the molecular composition of the blocker binding site in AMPAR complexes and identify how different blocker moieties contribute to its inhibitory action and how the blockers can be trapped inside the ion channel. We expect that our findings, by showing precisely how channel blockers exert their function on CP-AMPARs, will catalyze structure-based design of blockers to specifically target CP-AMPARs for clinical treatment of neurological disorders.
RESULTS

Channel Block in CP-AMPARs and CP-AMPAR Complexes
We recently established a GluA2 Q construct (GluA2 Q -STZ), where GluA2 Q is fused to the transmembrane AMPAR-regulatory protein (TARP)-g2 or stargazin (STZ), which positively modulates AMPAR activation, as a model for obtaining the structure of an activated, conducting state of a CP-AMPAR via cryo-EM . In addition, this fusion construct design is an excellent recombinant mimic of native AMPAR synaptic complexes (Twomey et al., , 2017b , which typically assemble with TARPs or TARP-like regulatory subunits in vivo. We surmised that we could use this GluA2 Q -STZ construct in the presence of CP-AMPAR blockers to provide insights into the structural bases of CP-AMPAR channel block. First, we tested the concentration and voltage dependence of channel block of GluA2 Q and GluA2 Q -STZ by IEM-1460, NASPM, and Agtx-636 electrophysiologically using patch-clamp recordings.
In these experiments, we applied the agonist glutamate (Glu) alone or together with the blocker in the continuous presence of the positive allosteric regulator cyclothiazide (CTZ) to prevent AMPAR desensitization ( Figures 1A and 1B) .
Currents through both GluA2 Q and GluA2 Q -STZ were inhibited by IEM-1460, NASPM, and AgTx-636 in a concentration-dependent manner, with stronger inhibition observed at higher blocker concentrations ( Figures 1C-1E ). For the lowest-affinity blocker, IEM-1460, the potency of current inhibition for GluA2 Q -STZ (IC 50 = 3.54 ± 0.46 mM) was three times lower than for GluA2 Q (IC 50 = 1.15 ± 0.05 mM). This difference became smaller for the intermediate-affinity blocker NASPM (IC 50 = 0.170 ± 0.016 mM for GluA2 Q -STZ and IC 50 = 0.0800 ± 0.0019 mM for GluA2 Q ) and slightly reverted for the highest-affinity blocker, AgTx-636 (IC 50 = 11.5 ± 2.1 nM for GluA2 Q -STZ and IC 50 = 19.0 ± 3.5 nM for GluA2 Q ).
Because both GluA2 Q and GluA2 Q -STZ represent CP-AMPARs, their control, non-blocked currents show strong inward rectification because of channel block by intracellular polyamines (Figure 1B) . Therefore, to characterize channel block by the extracellularly applied blockers, the corresponding current amplitudes were normalized to the control current amplitudes. Current inhibition by extracellularly applied blockers was strongly voltagedependent, became weaker at positive membrane potentials, and caused double rectification of the non-normalized currents ( Figure 1B) . The voltage dependencies of the normalized currents were well-fitted with the Boltzmann equation over the À60 to +80 mV range of membrane potential and were similar for GluA2 Q and GluA2 Q -STZ ( Figures 1F-1H ).
The highest values of the fraction of the membrane electric field sensed by the blocker multiplied by its charge (zd, 3.45 ± 0.16 for GluA2 Q and 3.59 ± 0.22 for GluA2 Q -STZ) were observed for NASPM ( Figure 1G ). Given the presence of three amino groups in the polyamine tail of NASPM, the high zd values suggest nearly complete protonation of the tail under our experimental conditions. However, zd values have to be interpreted with caution because the simplified Boltzmann model does not take into account that different positively charged groups of the blocker molecule can sense different fractions of the membrane electric field and that the field itself might change non-linearly along the ion channel pore (Sobolevsky et al., 2005) . For example, the non-linearity of the field might be the reason why IEM-1460, which has a charge of z = +2 when completely protonated, shows zd values larger than 2 (2.47 ± 0.16 for GluA2 Q and 2.43 ± 0.12 for GluA2 Q -STZ; Figure 1F ). On the other hand, relatively low zd values (2.05 ± 0.15 for GluA2 Q and 1.93 ± 0.12 for GluA2 Q -STZ; Figure 1H ) for AgTx-636, which has many more groups available for protonation, might be a result of both incomplete protonation of these groups because of the local pore environment and substantially broader distribution of these groups in the membrane electric field because of the much longer tail of AgTx-636. Interestingly, and easily noticeable for NASPM, the extent of current inhibition at membrane potentials more negative than À60 mV can decrease with membrane hyperpolarization, possibly because of blocker permeation through the channel (Tikhonova et al., 2008) .
Overall, the concentration and voltage dependencies of current inhibition by the channel blockers IEM-1460, NASPM, and AgTx-636 were similar between GluA2 Q and GluA2 Q -STZ, indicating that the underlying mechanisms of channel block are conceptually the same. Nonetheless, we continued structural studies with GluA2 Q -STZ because, structurally, we can capture this CP-AMPAR in the activated, conducting state with cryo-EM.
Structure of an Activated, NASPM-Blocked CP-AMPAR Complex
To form a structural basis for channel block, we solved the structure of the GluA2 Q -STZ complex in the activated, NASPMblocked state (GluA2 Q -STZ NASPM ; Figure 2 ) by preparing the sample in the presence of Glu, CTZ, and NASPM (STAR Methods). The overall 2-fold symmetric topology of GluA2 Q -STZ NASPM is very similar to the structure of the activated GluA2 Q -STZ complex (GluA2 Q -STZ open ), with a three-layer arrangement of domains contributed to by the four subunits (A through D) of the tetrameric AMPAR ( Figure 2B ). The extracellular domain (ECD) is comprised of the amino-terminal domain (ATD) layer, which is necessary for receptor assembly, trafficking, and functional regulation and marks the top of the ECD, as well as the ligand-binding domain (LBD) layer, which sits below the ATD layer and harbors binding sites for the agonist and neurotransmitter Glu in each of the four individual LBD clamshells as well as the positive allosteric modulator CTZ at the interfaces of the two (A-D and C-B) LBD dimers ( Figure 2B ). Below the ECD is the transmembrane domain (TMD), which forms a cation-selective ion channel. Exemplar 2D class averages from cryo-EM ( Figure 2A ) show a variety of GluA2 Q -STZ NASPM particle views in addition to excellent secondary structure features. The initial cryo-EM reconstruction was refined to 4.5 Å resolution overall (Figures S2 and S3; Table S1 ). To improve density in the TMD, where the blocker binds, we performed directed Figure S1 and Table S1 .
refinement, a procedure that previously yielded a dramatic improvement in the cryo-EM TMD density for the open-state AMPAR structure . Unexpectedly, directed refinement resulted in a slightly deteriorated map of the GluA2 Q -STZ NASPM channel (4.6 Å ) compared with the fulllength refinement (Figures S2 and S3; Table S1 ). We hypothesized that the detergent micelle around GluA2 Q -STZ NASPM could be having negative effects on the overall cryo-EM density map and directed refinement. To test this hypothesis, we performed signal subtraction (ss), where we removed the signal from the detergent micelle (STAR Methods). In refinement, the map quality increased, with the resolution for the full-length refinement following signal subtraction improving to 4.4 Å and, for the TMD-directed refinement, improving remarkably from 4.6 Å to 4.2 Å ( Figures S2 and S3 ). The increase in map quality is reflected in the 2D-ss class averages (Figure 2A ), where haze in the TMD from the detergent micelle is absent, and individual TM helices are clearly discernable. Because channel block occurs in the TMD, we will focus on the CP-AMPAR TMD. In GluA2 Q -STZ NASPM , four subunits of STZ decorate the central AMPAR ( Figure 2C ). The AMPAR TMD begins with the pre-M1 helix, which leads into the first TM helix, M1. After M1 is the re-entrant pore loop M2, which contributes its helical region to the assembly of the lower portion of the ion channel and its extended region to the lining of the selectivity filter, which leads into M3. M3 lines the remainder of the ion channel pore. The last TM helix, M4, is necessary for AMPAR assembly and sits on the AMPAR TMD periphery. The M1, M2, and M4 segments provide interfaces that are critical for assembly with STZ. The improved quality of the GluA2 Q -STZ NASPM TMD allowed us to unambiguously build the ion channel region ( Figures  S4 and S5 ). In the active-state structure solved previously (Twomey et al., 2017a), the ion channel is open and ready to conduct cations. However, in GluA2 Q -STZ NASPM , the ion channel is blocked by the presence of NASPM, which sits along the pore axis ( Figure 2C ). A close look ( Figure 2D ) shows that the ion channel in GluA2 Q -STZ NASPM is indeed in the activated, conducting state, which is marked by kinking of the M3 helices in subunits B and D at the gating hinge (alanine A618), away from the central axis of the pore to open the upper gate. Below the level of A618 is NASPM. The hydrophobic head of NASPM sits in the central cavity below the open channel gate, whereas its polyamine tail fills the selectivity filter below, anchoring NASPM to the ion conductance pathway. Based on the structure, which was obtained in the absence of any trans-pore voltage gradient, it appears that the activated ion channel allows NASPM to permeate into, but not through, the pore. NASPM therefore inhibits ion channel conductance by not interfering with the gating machinery but, rather, as a plug snugly fitting in and occluding the ion channel permeation pathway.
Cryo-EM of Channel-Blocked CP-AMPAR Complexes
After determining the structure of GluA2 Q -STZ NASPM , we wanted to check that micelle signal subtraction was a reproducible way to increase the quality of our cryo-EM maps. To test this, we applied the same signal subtraction protocol to the open-state data , GluA2 Q -STZ open (Figures S1-S3 ; Table S1 ). Similarly, the signal subtraction procedure improved the resolution of cryo-EM reconstruction, especially in the TMD (4.0 Å to 3.9 Å overall), with 3-Å local resolution throughout the ion channel ( Figure S4 ). This improvement in resolution was accompanied by significant improvement of the cryo-EM map quality compared with the previously published map and allowed us to better define the geometry of the ion channel pore in the Figure 2C . The dashed black line in the first row shows where the density is cut away to in the second row, which is a view perpendicular to the first row and analogous to the view in Figure 2D . See also Figures S1-S4 and Table S1 .
activated, conducting state ( Figure S5 ). After establishing these protocols, we determined structures of GluA2 Q -STZ in complex with IEM-1460 (GluA2 Q -STZ IEM-1460 ) and AgTx-636 (GluA2 Q -STZ AgTx-636 ) ( Figure 3) . As a result, we obtained a panel of CP-AMPAR cryo-EM reconstructions that includes the open, conducting state (3.9 Å ) and three open channel-blocked states: GluA2 Q -STZ IEM-1460 (4.4 Å ), GluA2 Q -STZ NASPM (4.2 Å ), and GluA2 Q -STZ AgTx-636 (4.6 Å ). In GluA2 Q -STZ open , the open ion channel is marked by the membrane-spanning pore in the center of the TMD cryo-EM density ( Figure 3A) . In GluA2 Q -STZ IEM-1460 , the pore center is occupied by a density corresponding to IEM-1460 ( Figure 3C ). The density for the IEM-1460 adamantane head resides right above the selectivity filter, in the cavity below the upper ion channel gate, whereas its polyamine tail extends into but not all the way down the selectivity filter because of its short length ( Figure 3D ). Conversely, in GluA2 Q -STZ open , although the pore-forming TM helices are in the same, activated state, the permeation pathway is primed for conductance because the blocker site is unoccupied ( Figure 3B ). The blocker density in GluA2 Q -STZ NASPM also occupies the pore ( Figure 3E) and occludes the open permeation pathway ( Figure 3A) . However, the density for NASPM ( Figure 3F ) is distinct from IEM-1460 ( Figure 3D ). This difference reflects the characteristic shape of the naphthalene hydrophobic head of NASPM compared with the shape of the adamantane head of IEM-1460. In addition, NASPM has a longer polyamine tail than IEM-1460 ( Figure 1 ) and extends further down through the selectivity filter ( Figure 3F ). Like IEM-1460 and NASPM, AgTx-636 occludes the ion channel 
. Determinants of Ion Channel Block
Structures of the pore elements with the GluA2 Q A subunit omitted for visualization purposes for GluA2 Q -STZ IEM-1460 (A and B), GluA2 Q -STZ NASPM (C and D), and GluA2 Q -STZ AgTx-636 (E and F). The blockers are shown as sticks. Carbons in IEM-1460 are colored green, orange in NASPM, and purple in AgTx-636. In all, nitrogen is blue and oxygen is red. The top row shows electrostatic surfaces of the ion channel, blue being positively charged, red negatively charged, and white neutral. The dashed boxes in (A) outline two conserved regions of the ion channel, the hydrophobic region with the central cavity at its bottom, and the selectivity filter, which starts below the central cavity. The bottom row shows the structure of the ion channel contributing to the surface shown in the top row. Atoms contributing to the selectivity filter are shown as sticks. GluA2 Q subunits A or C are colored purple, whereas B or D are colored cyan. Black mesh shows the density for the blockers at 9s. See also Figures S4-S6. pore ( Figure 3G ) and also has a unique density ( Figure 3H ) compared with IEM-1460 ( Figure 3D ) and NASPM ( Figure 3F ). This corresponds to its smaller dihydroxyphenyl head group (Figure 1 ) and longer polyamine tail, which has density throughout the selectivity filter ( Figure 3H ).
Determinants of Channel Block
Our improved cryo-EM densities for the open and open-blocked states, which have 3 to 4 Å local resolution in the ion channel pore ( Figure S4 ), allowed us to clearly build the corresponding region (M2 and M3) in each structure ( Figure S5 ). To understand how IEM-1460, NASPM, and AgTx-636 block the CP-AMPAR channel, we analyzed the pore structure and the electrostatic potential of the pore surface (Figure 4) . The upper portion of the ion channel pore is characterized by the electroneutral surface, which extends down to the bottom of the central cavity and is lined by side chains of I610, I613, S614, T617, and A618. In contrast, the bottom portion of the ion channel pore is highly electronegative, likely contributing to its cation selectivity ( Figure 4A ). The electronegative area of the pore begins at the bottom of the central cavity, the narrowest constriction at the bottom of the ion channel pore, which is formed by the Q/Rsite glutamines, Q586, at the tips of the re-entrant M2 loop (Figure 4B ) and continues down through the selectivity filter, largely contributed to by the backbone carbonyl oxygens of Q586, G588, and C589, and D590 forming the bottom of the filter ( Figure S6 ).
In GluA2 Q -STZ IEM-1460 , the positively charged polyamine tail of IEM-1460, containing a single amine and terminal trimethylamine, binds to the upper portion of the selectivity filter, whereas the hydrophobic adamantane head becomes anchored at the bottom of the electroneutral central cavity, right above the constriction formed by glutamines Q586 ( Figure 4A) . NASPM, having a longer polyamine tail than IEM-1460, has many more anchoring points in the pore that correspond to densities matching amines in the NASPM tail ( Figures 4C and 4D) . Here, too, Q586 seems to serve as the primary anchor point. The naphthalene head in NASPM sits a bit higher in the hydrophobic pocket than the adamantane head of IEM-1460 ( Figure 4B ) but is still below the A618 gating hinge ( Figure 4D ). AgTx-636, which has the longest polyamine tail, displays densities along the selectivity filter similarly to NASPM (Figures 4E and 4F) . However, the sizes of the densities and distances between them in GluA2 Q -STZ NASPM (Figures 4C and 4D ) and GluA2 Q -STZ AgTx-636 ( Figures  4E and 4F ) reflect differences in positions of amines in the blocker polyamine tails (Figure 1) . The smaller hydrophobic dihydroxyphenyl head of AgTx-636 sits similarly to the naphthalene head of NASPM in the central cavity, just below the upper channel gate. The central cavity can thus accommodate a variety of hydrophobic heads ( Figure S6 ) and may help to explain why the structural integrity of the pocket is necessary for maintenance of the block (Lopez et al., 2013; Sobolevsky et al., 2005; Wilding et al., 2010) .
Although IEM-1460, NASPM, and AgTx-636 share a common mode of binding to the ion channel pore-a hydrophobic head harbored in the central cavity and a polyamine tail anchored in the selectivity filter-they demonstrate different inhibitory potencies ( Figures 1C-1E ). Our cryo-EM densities and structures suggest that, despite the importance of the hydrophobic heads, which impede permeation of the blocker through the channel . Red curves illustrate single exponential fits of channel block with t on = 3.66 ± 0.14 s and recovery from it with t off = 8.9 ± 0.6 s. Note that the cumulative time of Glu applications is the same in (A) and (C), 200 ms, as well as in (B) and (D), 600 ms. Despite the real-time kinetics being 50 to 100 times slower in pulse (C and D) versus continuous (A and B) protocols, the time constants become comparable, t on = 36.6 ± 1.4 ms and t off = 267 ± 18 ms, when current amplitudes in (C) and (D) are plotted against the cumulative time of Glu applications. The NASPM block and unblock, therefore, occur mainly during Glu applications, and both processes require channel opening. The results presented in (A)-(D) are from the same cell. These results were replicated for both GluA2 Q (n = 7) and GluA2 Q -STZ (n = 6). All experiments were carried out in the continuous presence of 30 mM CTZ.
pore, the principal difference in binding of these small molecules to the AMPAR channel pore may be the number of anchoring points for their polyamine tails in the electronegative selectivity filter. For example, IEM-1460 displays the lowest potency in our panel of blockers because it only has two anchor sites in the pore that match its short tail. NASPM, of intermediate affinity, has four. AgTx-636, the highest-affinity blocker, has the longest polyamine tail. In our cryo-EM density of GluA2 Q -STZ AgTx-636 , we can identify two densities that correspond to three anchor points for the AgTx-636 tail. This leaves the remainder of the AgTx-636 tail to be in close proximity to D590 at the bottom of the selectivity filter or extend into the cytosol. Because the side chains and backbone carbonyl oxygens of four aspartates D590 provide multiple anchoring points, the terminal portion of the AgTx-636 tail can likely bind at the bottom of the selectivity filter in multiple different conformations. Perhaps this conformational heterogeneity results in the lack of tail visibility in our cryo-EM maps and also leads to lower resolution in the GluA2 Q -STZ AgTx-636 reconstruction. We suggest that these anchor points confer a higher affinity for channel block.
Channel Block Requires Channel Opening
Because all of our structures here have the ion channel in the activated, conducting state, we tested whether channel opening is required for channel block using whole-cell patch-clamp recordings ( Figure 5 ). During continuous co-application with Glu, CP-AMPAR-mediated currents were inhibited by NASPM with the time constant t on = 38.5 ± 0.1 ms ( Figure 5A ). To test whether activation and channel opening are required for channel block, we recorded currents in the continuous presence of the blocker in response to 20 short, 10-ms Glu applications separated by 1-s intervals ( Figure 5C ). During this experiment, the current amplitude measured during 10-ms Glu applications is gradually reduced with the time constant t on = 3.66 ± 0.14 s, $100 times slower than in the continuous presence of Glu ( Figure 5A ). This suggests that activation of the CP-AMPAR and opening of the ion channel are necessary for channel block. If channel block was possible without channel opening, then the maximum reduction of cell current would occur immediately and be reflected in the current amplitudes in response to the first few Glu applications. Further suggesting that channel opening is necessary for the block, the time constant of current inhibition in the pulse experiment (Figure 5C ), measured as a function of cumulative time of Glu application, t on = 36.6 ± 1.4 ms, is comparable with the time constant measured during Glu and NASPM co-application ( Figure 5A ).
Trapping of Blockers in the Ion Channel
We next assessed whether the ion channel can close with the blocker inside, trapping it in the closed channel. Following coapplication of Glu and NASPM ( Figure 5A ), which resulted in channel block, we applied Glu continuously, without NASPM, to the same cell ( Figure 5B ). The initial, reduced current suggests that NASPM was trapped in the channels during Glu and NASPM co-application ( Figure 5A ) and leaves the channel when it is open, marked by the steady increase in current amplitude during Glu application in the absence of NASPM ( Figure 5B ). The corresponding time constant of recovery from block in the continuous presence of agonist Glu was t off = 152 ± 1 ms. We also tested trapping of the blocker by applying 20 30-ms applications of Glu after channels were blocked by NASPM ( Figure 5D ). Each pulse of Glu resulted in a gradual increase in current amplitude, with the recovery time constant, t off = 8.9 ± 0.6 s, $60 times slower than in the continuous presence of Glu ( Figure 5B ). Further supporting that the blocker requires opening to leave the channel and otherwise remains trapped in it, the time constant of recovery from block in the pulse experiment ( Figure 5D ), measured as a function of cumulative time of Glu application, was only 267 ± 18 ms.
Next we were interested in whether blockers can be structurally accommodated in the closed ion channel. To do this, we superposed the channel core (M2 and M3) from the high-resolution closed state GluA2-GSG1L ZK-1 structure , GluA2 Q-closed , onto the channel in GluA2 Q -STZ NASPM (Figure 6 ). Because of the closed gate (tight bundle crossing of the M3 helices) in GluA2 Q-closed , the pore cannot be seen through ( Figure 6A ) as in GluA2 Q -STZ NASPM (Figure 6C) , where the open gate allows NASPM to be observed. Slicing through channel surfaces along the pore shows that the NASPM position is similar in both GluA2 Q-closed ( Figure 6B ) and GluA2 Q -STZ NASPM ( Figure 6D ). The NASPM hydrophobic head is accommodated in the central cavity, which has a similar shape and diameter in both states. However, in GluA2 Q-closed , the bundle crossing restricts the permeation pathway above NASPM ( Figures 6A and 6C) , which traps the blocker in the ion channel ( Figures 5B and 5D) . Therefore, the AMPAR channel upper gate postulated previously serves as a primary trapping gate for ion channel blockers. The selectivity filter in GluA2 Q-closed , which was postulated to form the lower gate , has just enough room to accommodate NASPM but appears narrower than in the GluA2 Q -STZ NASPM structure. Such ''pinching'' of the blocker polyamine tail might also play a role in keeping the blocker in the closed pore. Therefore, both the upper and lower gates proposed previously ) might contribute to trapping of blockers in the ion channel of CP-AMPARs.
DISCUSSION
CP-AMPARs are major contributors to neuropathologies. A fundamental barrier to understanding how polyaminetailed blockers, small molecules that specifically inhibit CP-AMPARs and not CI-AMPARs, exert their action has been the absence of structures describing the bases of block. Our findings begin to uncover the mechanisms of channel block in CP-AMPARs by showing how three different channel blockers, IEM-1460, NASPM, and AgTx-636, plug the ion channel pore in CP-AMPARs. In addition, these structures suggest how endogenous polyamines, such as spermine ( Figures 7A and 7B ) and spermidine ( Figures 7C and 7D) , may block CP-AMPARs in vivo by binding in the electronegative selectivity filter (Q586-D590), which anchors them similarly to the polyamine tails of other blockers (Figure 4) . This potential mechanism of block of CP-AMPARs by endogenous polyamines is reminiscent of that suggested for inwardly rectifying potassium channels. Similar to voltage-gated ion channels, they have an inverted membrane topology compared with iGluRs, where the acidic residues lining the cytoplasmic part of their ion channel pore create a perfect environment for polyamine binding (Nishida and MacKinnon, 2002) . Similar to our suggestion of amine anchor points, multiple amines of endogenous polyamines confer their higher affinity to the pore of inwardly rectifying potassium channels (Guo and Lu, 2003; Loussouarn et al., 2005) . However, polyamines in inwardly rectifying potassium channels do not seem to enter and permeate the selectivity filter of the channel, likely because of its more rigid nature and smaller dimensions, both important for the ion selectivity function of potassium channels. In contrast, we propose that the CP-AMPAR block by endogenous polyamines occurs in the selectivity filter (Figure 7) , which is wider, does not select between cations, and may function as a lower gate because of its dynamic nature . Supporting the importance of the selectivity filter for anchoring polyamines in iGluR is the reduction of channel block by endogenous polyamines caused by substitutions in the filter (Panchenko et al., 2001; Wilding et al., 2010) . Block by endogenous polyamines is attenuated by STZ and other TARPs, suggesting that the TARP-stabilized, maximally conducting CP-AMPAR ion channel conformation ) allows faster relief of trapped endogenous polyamines (Brown et al., 2018; Jackson et al., 2011; Soto et al., 2007) .
These data, together with the recent collection of AMPAR structures in various gating states from X-ray crystallography and cryo-EM (Twomey and Sobolevsky, 2018) , suggest a mechanism of trapping block in CP-AMPAR channels (Figure 8 ). In the resting, closed state, the CP-AMPAR ion channel is closed and opens via kinking of M3 helices away from the channel pore axis after addition of Glu, which allows calcium and other cations to permeate the channel. Blockers can diffuse into the open channel and bind in a bipolar manner, with the polyamine tail sticking in the selectivity filter and the hydrophobic head fitting into the central cavity. Because the blocker does not interfere with the gating machinery, the ion channel can close with the blocker inside and trap it within. For the blocker to exit the channel and escape the trap, the ion channel must open. Besides this general mechanism for trapping blockers, our findings illustrate how two main features of the CP-AMPAR ion channel, the central cavity and electronegative selectivity filter, create a surface that accommodates different families of polyamine-tailed blockers that can inhibit CP-AMPARs with variable affinities, likely by means of the channel providing different numbers of anchoring points to bind variously sized polyamine tails in the selectivity filter. We anticipate that these new insights into the mechanism of ion channel block will help to facilitate the development of new polyamine-tailed blockers targeting CP-AMPARs for treatment of neurological disorders.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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production and performed the electrophysiology experiments. A.A.V. exsubtraction (the same micelle mask, aligned to the refined map, was used for signal subtraction in all datasets). The signal-subtracted particles were directly input into refinement. The effects of micelle-ss can be seen in the 2D class averages ( Figure S1 ), and ultimately improved the densities (Figures S2 and S3 ; Table S1 ). As described in the main text, the previously reported data for the open, activated state of GluA2 Q -STZ ) was used to test the micelle-ss procedure. These new maps (GluA2 Q -STZ Open ) from 69,207 particles show improved densities compared to the original densities ( Figures S2 and S3) , with 3 Å local resolution throughout the ion channel ( Figure S4 ). Densities were visualized and prepared for figures in Chimera (Pettersen et al., 2004) and ChimeraX (Goddard et al., 2018) . To check the effects of C2-symmetry on the blocker densities, the maps were also refined without symmetry applied. The densities for all blockers were the same without symmetry applied, with the exception of IEM-1460 where the density for the tail was the same, and centrally located along the pore, but there was a single lobe for the head, as opposed to two with C2-symmetry applied.
Model building
We initially rigid body fit the GluA2-STZ open state (PDB: 5WEO) into the full-length ss densities for GluA2 Q -STZ Open , the highest resolution map. We then to fine-tuned all side chains in Coot (Emsley et al., 2010) . The TMD side chains were adjusted using the TMD-ss map. This model was refined in real space using Phenix (Afonine et al., 2018) against an unfiltered half map from full-ss refinement. The refined GluA2 Q -STZ Open model was then rigid body fit into each full-ss blocker map, and side chains were adjusted as needed. The TMD's were adjusted according to the TMD-ss maps, but the side chain densities were largely the same, especially in the ion channel helices. Blockers were placed based on putting their head structure into the density that extends into the hydrophobic core of the channel. The resulting blocker models were refined in Phenix as described above. Refer to Table S1 for refinement and validation details. Structures were visualized and prepared for figures in Pymol.
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